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Coronavirus infection of the murine central nervous system (CNS) provides a model for studies of viral 
encephalitis and demyelinating disease. Mouse hepatitis virus (MHV) neurotropism varies by strain: MHV- 
AS59 causes mild encephalomyelitis and demyelination, while the highly neurovirulent strain JHM.SD (MHV-4) 
causes fatal encephalitis with extensive neuronal spread of virus. In addition, while neurons are the predom- 
inant CNS cell type infected in vivo, the canonical receptor for MHV, the carcinoembryonic antigen family 
member CEACAM 1a, has been demonstrated only on endothelial cells and microglia. In order to investigate 
whether CEACAM 1a is also expressed in other cell types, ceacam1a mRNA expression was quantified in murine 
tissues and primary cells. As expected, among CNS cell types, microglia expressed the highest levels of 
ceacamla, but lower levels were also detected in oligodendrocytes, astrocytes, and neurons. Given the low levels 
of neuronal expression of ceacamla, primary neurons from wild-type and ceacamla knockout mice were 
inoculated with MHV to determine the extent to which CEACAM1a-independent infection might contribute to 
CNS infection. While both A59 and JHM.SD infected small numbers of ceacamJa knockout neurons, only 
JHM.SD spread efficiently to adjacent cells in the absence of CEACAM 1a. Quantification of mRNA for the 
ceacamla-related genes ceacam2 and psgl6 (bCEA), which encode proposed alternative MHV receptors, re- 
vealed low ceacam2 expression in microglia and oligodendrocytes and psg/6 expression exclusively in neurons; 
however, only CEACAM2 mediated infection in human 293T cells. Therefore, neither CEACAM2 nor PSG16 
is likely to be an MHV receptor on neurons, and the mechanism for CEACAM1a-independent neuronal spread 


of JHM.SD remains unknown. 


Murine coronavirus (mouse hepatitis virus [MHV]) is a 
member of the Coronaviridae family of large, enveloped RNA 
viruses. Central nervous system (CNS) infection with neuro- 
tropic strains of MHV provides a model for studying acute 
virus-induced neurological disease, with or without chronic 
demyelination. These neurotropic strains differ widely in terms 
of tropism, spread, host response, and disease outcome, mak- 
ing them useful for identifying viral and host determinants of 
neurovirulence (57). Two strains commonly used to study coro- 
navirus-induced CNS disease are the highly neurovirulent 
strain JHM.SD (formerly called MHV-4) and the more neu- 
roattenuated and hepatotropic strain A59 (4, 26). Following 
intracranial (i.c.) or intranasal (i.n.) inoculation, JHM.SD 
causes severe and uniformly lethal encephalitis, whereas A59 
induces a less severe encephalomyelitis followed by chronic 
demyelination (57). The extreme neurovirulence of JHM.SD 
maps largely to the spike glycoprotein, as a recombinant A59 
virus expressing the JHM.SD spike (rA59/Syy.4.55) Showed 
increased virulence and viral dissemination throughout the 
brain compared to parental A59 (41, 42). Viral genes other 
than the spike gene also contribute to neurovirulence (7, 23). 

MHV binds to a target cell via interaction of the viral spike 
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glycoprotein with a cellular receptor. This binding leads to a 
conformational change in spike that allows the virion mem- 
brane to fuse with the host cell membrane. Subsequent viral 
spread can occur via release of new virions from the infected 
cell and/or via syncytium formation mediated by viral spikes 
expressed on the cell surface. The receptor for MHV is the mu- 
rine carcinoembryonic antigen family member CEACAM1a 
(also referred to as mmCGM1, BGPla, and CD66a) (59). In 
the mouse, the ceacamI gene exists in two allelic forms, 
ceacamla and ceacamlb, and the ceacam! alleles expressed 
largely determine mouse susceptibility to MHV. Mouse strains 
expressing ceacamla (such as C57BL/6, BALB/c, and C3H) 
are highly susceptible, while strains homozygous for ceacamI1b 
(such as SJL) are resistant to infection (10). ceacamJa tran- 
scripts are alternatively spliced, yielding four distinct vari- 
ants in the mouse. These splice variants encode either two 
or four extracellular immunoglobulin-like ([g-like) domains 
linked by a transmembrane domain to a short (10 amino 
acids) or long (73 amino acids) cytoplasmic tail (30, 31). The 
MHV binding site resides within the N-terminal Ig-like do- 
main, D1 (11). This domain is present in all four isoforms of 
CEACAM 1a, and thus all serve as functional receptors for 
MHV (10). 

While CEACAM 1a is commonly regarded as the sole in vivo 
receptor for MHV, several lines of evidence suggest the pres- 
ence of an alternative receptor and/or mechanism of viral in- 
fection/spread. Curiously, despite the high predilection of neu- 
rotropic MHV strains for the CNS, CEACAM 1a expression is 
relatively low in neural tissue compared to that in other MHV 
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targets, such as the liver and intestine (17). While CEACAM1a 
is highly expressed on epithelial cells, endothelial cells, and 
cells of hematopoietic origin (6, 17, 35), CNS expression of 
CEACAM 1a has been demonstrated only on endothelial cells, 
by immunohistochemistry (16), and on microglia, by flow cy- 
tometry (44). Yet both A59 and JHM.SD infect multiple CNS 
cell types, with neurons being the predominant cell type in- 
fected (12, 33, 42). This apparent paradox raises the question 
of whether resident CNS cell types such as neurons, astrocytes, 
and oligodendrocytes express low levels of CEACAM 1a that 
are simply not detected by routine methods or whether some 
MHYV strains use an alternative mechanism to enter these cell 
types. 

Additionally, in vitro studies revealed that the highly neu- 
rovirulent JHM.SD strain can spread efficiently from 
CEACAM1a-positive cells to cells lacking murine 
CEACAM 1a (15, 36, 39, 55). Similar in vitro studies using 
primary mixed neural cultures demonstrated that the closely 
related JHM.SD cl-2 variant spreads to adjacent neural cells in 
the presence of CEACAM1a-blocking antibodies (34). This 
“receptor-independent spread” (RIS) phenomenon should 
more accurately be referred to as “CEACAM1a-independent 
spread,” since the process may or may not require an alterna- 
tive receptor. The generation of a knockout (KO) mouse de- 
ficient in ceacamla (ceacamla~‘~ ) further facilitated analysis 
of CEACAM1a-independent spread both in vivo and in vitro. 
Interestingly, both JHM.SD and the chimeric rA59/Syyyy sp 
strain induce lethal CNS disease in ceacamla~‘~ mice, albeit 
at higher doses than those required for wild-type (WT) mice, 
while doses of A59 as high as 1 million PFU given ic. are 
insufficient to cause disease (21, 33). While this finding is 
intriguing, it is unclear whether A59 fails to cause disease in 
ceacamla~‘~ mice due to a lack of virus entry, a deficiency in 
neuronal spread in the absence of CEACAM 1a, or an inability 
to achieve a high enough viral dose to initiate infection. 

Notably, two ceacamla-related genes expressed in the 
mouse brain encode proteins that serve inefficiently as MHV 
receptors when overexpressed in vitro. The more closely re- 
lated ceacam2 (bgp2) gene is uniquely expressed in the mouse 
and facilitates infection with both A59 and JHM.SD when 
transiently transfected into hamster cells (38). Additionally, 
the more distantly related psg/6 (bCEA) gene, belonging to the 
CEA-related pregnancy-specific glycoprotein family, was re- 
ported to function as a receptor for A59 but not JHM.SD when 
transfected into monkey cells (5). It is unclear how these al- 
ternative receptors compare in terms of receptor functionality, 
and the cellular expression patterns of these receptor genes 
have not been explored. Therefore, in the current study, we 
aimed to evaluate expression of ceacamJa and related genes in 
murine tissues and CNS cell types and to investigate the role of 
these receptor genes in neuronal infection and spread. 


MATERIALS AND METHODS 


Mice. Virus-free C57BL/6 mice were purchased from the National Cancer 
Institute (Frederick, MD). ceacamla-deficient (ceacamla~/~) mice on a 
C57BL/6 background were provided by Nicole Beauchemin (McGill University) 
(21). Mice were housed and bred at the University of Pennsylvania in accordance 
with Institutional Animal Care and Use Committee guidelines. 

Viruses and inoculations. Recombinant A59 (rA59) (previously referred to as 
RASY, SasoR13, or wtR13), recombinant JHM.SD (rJHM.SD) (previously re- 
ferred to as RJHM and derived from the MHV-4 isolate of JHM.SD), and a 
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chimeric recombinant expressing the JHM.SD spike in the A59 background 
(tA59/Ssum_sp) (previously referred to as SJHM/RAS59 or S,R22) were de- 
scribed previously (37, 41, 42). Recombinant viruses of the same genotypes, but 
expressing enhanced green fluorescent protein (EGFP) in place of gene 4 (8, 27), 
were used to monitor infection in primary cells. Viruses were propagated in 
murine 17Cl1 fibroblasts and titrated by standard plaque assay on murine L2 
fibroblasts. To remove cell fragments from the virus preparations, filtered virus 
stocks were prepared by passage through a 0.22-ym filter apparatus and were 
retitrated after filtration. For i.c. inoculations, 4-week-old mice were anesthe- 
tized with isoflurane, and 50 PFU of virus diluted in 30 wl phosphate-buffered 
saline (PBS) containing 0.75% bovine serum albumin (BSA) was injected into 
the left cerebral hemisphere. Mock infections were performed with lysate from 
17Cl1 fibroblasts. 

Immunofluorescence. For identification of infected cell types, brains were 
perfused with PBS, fixed in 10% phosphate-buffered formalin, embedded in 
paraffin, and sagittally sectioned. Sections were deparaffinized and rehydrated, 
treated with antigen-unmasking solution (Vector Labs), blocked with 1.5% nor- 
mal goat serum, and dual immunolabeled with a mouse monoclonal antibody 
(1.16.1) directed against the MHV nucleocapsid protein (a gift from Julian 
Leibowitz, Texas A&M University) and a rabbit polyclonal antibody directed 
against either glial fibrillary acidic protein (GFAP), for astrocytes (Dako USA); 
Ibal, for microglia (Wako Pure Chemical Industries); OLIG2, for oligodendro- 
cytes (Millipore); or microtubule-associated protein 2 (MAP2), for neurons (a 
gift from Virginia Lee, University of Pennsylvania). Primary antibodies were 
detected with Alexa Fluor 488- and 594-conjugated goat anti-mouse and goat 
anti-rabbit (Invitrogen). Cultured cells were fixed in PBS containing 4% para- 
formaldehyde (Electron Microscopy Sciences), blocked with 1.5% normal goat 
serum, and immunolabeled as described above, with the exception of microglia, 
which were labeled with rat monoclonal anti-CD11b (Abcam) and goat anti-rat— 
Alexa Fluor 594 (Invitrogen). Fluorescence was visualized with a Nikon Eclipse 
TE2000-U microscope, and images were acquired using Spot imaging software 
(Diagnostic Instruments). 

Primary hepatocyte cultures. Primary hepatocytes were prepared from 
8-week-old mice by in situ perfusion and digestion with liver perfusion medium 
(Invitrogen) and liver digestion medium (Invitrogen), respectively, followed by 
mechanical disruption and Percoll separation as previously described (48). Hepa- 
tocytes were seeded on BioCoat collagen I-coated plates (BD Biosciences) and 
were cultured overnight in RPMI 1640 medium containing 10% fetal bovine 
serum (FBS). 

Primary glial cultures. Mixed glial cells were prepared from the cortices of 
P1-3 neonates and cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
containing 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 ng/ml 
streptomycin for 5 to 14 days. Mixed glial cultures were enriched for either 
astrocytes or microglia based on differential adhesion to tissue culture plastic as 
previously described (1). Astrocyte cultures were routinely 90 to 95% pure, as 
determined by positive immunostaining for GFAP and negative staining for 
MAP2, CD11b, and OLIG2. Microglia cultures were routinely =98% pure, as 
determined by positive immunostaining for CD11b and negative staining for 
MAP2, GFAP, and OLIG2. Oligodendrocytes were prepared from forebrains of 
P1-3 neonates by trypsin digestion and were cultured in DMEM containing 10% 
FBS, 1X nonessential amino acid solution (Invitrogen), 2 mM t-glutamine, 100 
U/ml penicillin, and 100 ng/ml streptomycin as previously described (13). After 
24 h, culture medium was replaced with neurobasal medium containing B-27 
supplement, 10 ng/ml bovine basic fibroblast growth factor (R&D Systems), 2 
ng/ml recombinant human platelet-derived growth factor (R&D Systems), and 1 
ng/ml recombinant human NT-3 (PeproTech Inc.). After 7 days, oligodendro- 
cytes were removed from underlying astrocytes by gentle rinsing and were seeded 
onto poly-p-lysine-coated tissue culture plates. Oligodendrocyte cultures were 
routinely 90 to 95% pure, as determined by positive immunostaining for OLIG2 
and negative immunostaining for MAP2, CD11b, and GFAP. 

Primary neuronal cultures. Hippocampal neurons were prepared from E15-16 
mouse embryos, seeded onto poly-L-lysine-coated coverslips or tissue culture 
plates, and cultured in neurobasal medium containing B-27 supplement (Invitro- 
gen), 100 U/ml penicillin, 100 ng/ml streptomycin, 2 mM L-glutamine, and 4 
g/ml glutamate for 4 days in the absence of an astrocyte feeder layer, as 
previously described (2, 40, 43). Cortical neurons prepared from E18 mouse 
embryos were provided by Marc Dichter (University of Pennsylvania) (9, 50). 
Neuron cultures of both types were routinely 95 to 98% pure, as determined by 
positive immunostaining for MAP2 and negative immunostaining for CD11b, 
GFAP, and OLIG2. After 4 days in vitro, neuron cultures were inoculated with 
virus diluted in neurobasal medium for 1 h at 37°C, washed, and cultured for an 
additional 24 to 72 h in neurobasal medium. To quantify extracellular virus, 
neuron supernatants were collected at various times postinfection and stored at 
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TABLE 1. Primer sequences for qRT-PCR 


Target Forward primer (5’-3’) 


Mouse targets 


Beta-actin gene CAGATGTGGATCAGCAAGCAGGA 


ceacamla 
Total GCCTCAGCACATCTCCACAAAG 
2D CCTGGCGCTTGGAGCCTTTG 
4D GGCCTCAGTAGGACCACAGTCAAGA 
S GCATCGTGATTGGAGTTGTG 
L GGGAAGTGACCAGCGAGAT 
ceacam2 CATCTCCACAAAGGGCAGGTTCC 
psgl6 GCTTCGAGGGCTTTCCTGGTACA 
MHV target 
mRNA7 (nucleocapsid) GGCGTCCGTACGTACCC 


—80°C until titration. Fresh neurobasal medium was added to the remaining 
cells, and intracellular virus was released by repeated freeze-thaw cycles, with 
freezing to —80°C. 

Cell lines. Murine DBT astrocytoma cells, 17C11 fibroblasts, and L2 fibroblasts 
were cultured in DMEM supplemented with 10% FBS, 10 mM HEPES, 2 mM 
L-glutamine, 100 U/ml penicillin, 100 ng/ml streptomycin, and 2.5 g/ml ampho- 
tericin B. Human 293T cells were cultured in high-glucose DMEM containing 
10% FBS, 100 U/ml penicillin, and 100 ng/ml streptomycin. 

Quantitative reverse transcription-PCR (qRT-PCR). RNAs were isolated 
from liver, brain, and spinal cord tissues by homogenization in TRIzol reagent 
(Invitrogen), followed by phenol-chloroform extraction and purification with an 
RNeasy Mini kit (Qiagen) as previously described (49). RNAs were isolated from 
cultured cells by use of an RNeasy Mini kit according to the manufacturer’s 
instructions. Tissue and cellular RNAs were DNase treated using a Turbo DNA- 
free kit (Ambion), and quantitative PCRs without reverse transcriptase were 
performed to ensure adequate removal of genomic DNA. For cDNA synthesis, 
350 ng RNA was combined with 0.5 mM deoxynucleoside triphosphate (dNTP) 
mix (0.5 mM, total concentration; Invitrogen) and 50 ng random hexamers 
(Invitrogen) in a total volume of 13 wl, heated to 65°C in a PCR thermocycler for 
3 min, and cooled to room temperature. Next, 1 first-strand buffer (Invitrogen), 
5 mM dithiothreitol (DTT) (Invitrogen), 200 U SuperScript III reverse trans- 
criptase (Invitrogen), and nuclease-free water were added for a final reaction 
volume of 20 wl, and the mixture was heated to 50°C for 60 min followed by 70°C 
for 15 min. cDNA was stored at —20°C until use. Quantitative PCR was per- 
formed in duplicate, using 2 pl cDNA, 12.5 pl iQ SYBR Green Supermix 
(Bio-Rad), and 0.4 ~M (each) forward and reverse primers (listed in Table 1) in 
a total volume of 25 pl in an iQ5 iCycler (Bio-Rad). For copy number determi- 
nation, cycle threshold (C) values were compared to a plasmid standard curve 
run in parallel for each target. Copy numbers are expressed as numbers of target 
cDNA copies per million cDNA copies of the mouse beta-actin gene (actb). For 
relative expression compared to mock-infected samples, C; values were normal- 
ized to actb levels, resulting in a AC; value (ACy = Cpr target — Cr actp)» AACr 
values were then calculated (AAC7 = ACZ intectea — ACT mock), and results are 
expressed as fold changes compared to mock-infected samples (27 44°’). 

Plasmids. pLXSN-BgpC (CEACAM1a-2S) and pLXSN-BgpD (CEACAM 1a- 
4L), used for ceacam1a splice variant standard curves, were provided by Nicole 
Beauchemin (McGill University). pCMV-SPORT6-CEACAM1, pCMV- 
SPORT6-CEACAM2, pCMV-SPORT6-PSG16, and pCMV-SPORT6-ACTB 
(mouse beta-actin partial clone) were purchased from Open Biosystems 
(Thermo Scientific). pCB-TVA-CEACAM1-TM, pCB-TVA-CEACAM2-TM, 
and pCB-TVA-PSG16-TM were made by replacing the AgeI-SaclII fragment of 
pCB-TVA 950 (46) (obtained from Paul Bates) with PCR products containing 
the extracellular domains for the pCMV-SPORT6 plasmids listed above. pCB- 
TVA-CEACAMI]1-GPI, pCB-TVA-CEACAM2-GPI, and pCB-TVA-PSG16- 
GPI were constructed by replacing the AgelI-SacII fragment of pCB-TVA 800 
(obtained from Paul Bates) as described above. 

Transfections. To compare MHV receptor activities, human 293T cells were 
seeded in a 12-well plate at 1.5 X 10° cells per well and then transfected with 0.4 
wg pCMV-SPORT6-CEACAM1, pCMV-SPORT6-CEACAM2, or pCMV- 
SPORT6-PSG16 plus 0.6 wg empty vector (1 wg total DNA), using 6 1] FUGENE 
6 transfection reagent (Roche Applied Science) in serum-free DMEM. A control 


J. VIROL. 
pa Product GenBank 
Reyne pumen (2) size (bp) accession no. 


CGCAGCTCAGTAACAGTCCGCCTA 90 NM_007393 


CCTCAATGGTGACTTCAGCAGTG 109 NM_001039185 
GCTGAGTCACTGGCTGGTGT 263 NM_001039187 
CGACAAGCAGGTCAGGGTCACAG 120 NM_001039185 
GTTGTCAGAAGGAGCCAGATCC 09 NM_001039187 
GTGGTTGGAGGCTGAGGGTTTGT 52 NM_001039185 
TGTGCCAGCTAAAGGCCGAGAC 187 NM_007543 
TGTCGGGCAATCTCAAGGTTCCTA 63 NM_007676, 
U34272 

GGTCAGCCCAAGTGGTC 167 X00990 


plasmid encoding GFP was used to assess transfection efficiency. At 36 h post- 
transfection, cells were inoculated with 3 x 10° PFU of virus diluted in DMEM 
containing 2% FBS for 1 h at 37°C. At 8 h postinfection (p.i.), cells were fixed in 
4% paraformaldehyde and immunolabeled for MHV nucleocapsid protein as 
described above. Cell nuclei were labeled with DAPI (4’,6-diamidino-2-phenylin- 
dole), and percent infection was determined as the percentage of DAPI-positive 
cells per field that also stained positively for MHV nucleocapsid. To compare 
MHV receptor activities and surface expression levels, human 293T cells were 
seeded in a 24-well plate at 1.5 x 10° cells per well and then transfected 
with pCMV-SPORT6-CEACAM1, pCB-TVA-CEACAM1-TM, pCB-TVA- 
CEACAM2-TM, pCB-TVA-PSG16-TM, pCB-TVA-CEACAM1-GPI, pCB- 
TVA-CEACAM?2-GPI, or pCB-TVA-PSG16-GPI as described above. A control 
plasmid encoding GFP was used to assess transfection efficiency. At 48 h post- 
transfection, cells were labeled with mouse M2 anti-FLAG antibody (Amer- 
sham) at 1 g/ml, followed by goat anti-mouse—Alexa Fluor 488 at 1 g/ml, and 
then fixed in 2% paraformaldehyde. Surface expression of FLAG-tagged pro- 
teins on single live cells was determined by flow cytometry (FACSCalibur flow 
cytometer; Becton Dickinson). In parallel, transfected cells were inoculated with 
1.3 X 10° PFU of EGFP-expressing MHV strains diluted in DMEM containing 
2% FBS for 1 h at 37°C. At 16 h postinfection, cells were fixed in 4% parafor- 
maldehyde and assessed for GFP expression. 


RESULTS 


rA59 and rJHM.SD infect multiple CNS cell types in vivo 
but are largely neuronal. To determine which CNS cell types 
are infected at early times after ic. inoculation, 4-week-old 
CS57BL/6 mice were inoculated ic. with 50 PFU of rA59 or 
trJHM.SD. At days 3 and 5 p.i., infected mice were euthanized 
and brains were fixed for immunofluorescence. By day 3, MHV 
antigen was readily detected in GFAP-positive astrocytes, 
Ibal-positive microglia, and MAP2-positive neurons (Fig. 1A, 
white arrowheads), as well as in occasional OLIG2-positive 
oligodendrocytes (data not shown). By day 5, large patches of 
MHV-infected neurons were evident in both rA59- and 
tJHM.SD-infected brains (Fig. 1B), with only modest increases 
in the numbers of infected astrocytes and microglia (data not 
shown), consistent with previous data showing that neurons are 
the predominant cell type infected by these strains (12, 33, 42). 
Importantly, while rA59 and rJHM.SD both infect large num- 
bers of neurons, rJHM.SD is distributed more extensively 
throughout the brain than rA59, which remains more focal 
(23). 

ceacamla mRNA is expressed in murine tissues, primary 
cells, and cell lines. Both rA59 and rJHM.SD infect multiple cell 
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rA59 
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FIG. 1. MHV infection of CNS cell types. C57BL/6 mic 
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Me 
ye 


sacrificed at days 3 (A) and 


5 (B) postinfection. Formalin-fixed, paraffin-embedded tissues were sectioned and dual immunolabeled for GFAP, Ibal, or MAP2 (red) and MHV 
nucleocapsid protein (green). Arrowheads indicate double-positive cells. Magnification, <400. Data are representative of two independent 


experiments. 


types, as described above, but microglia are the only CNS cell 
type previously demonstrated to express CEACAM 1a protein 
(44). While we were able to detect CEACAM1a on microglia 
by flow cytometry, we were unable to demonstrate 
CEACAM 1a protein on neurons or any glial cell types by 
immunoblotting, immunohistochemistry, or immunohisto- 
chemical amplification techniques such as tyramide signal am- 
plification (PerkinElmer) (data not shown). Therefore, a qRT- 
PCR approach was taken to assess the expression of ceacamla 
mRNA in murine tissues, primary CNS cells, and cell lines to 
determine whether susceptible CNS cells might express low 
levels of CEACAM1a protein not detectable by routine meth- 
ods. Primers were designed to amplify a region of the N- 
terminal Ig-like domain. This domain contains the site of 
MHYV spike binding and is present in all four known ceacamla 
splice variants, thus allowing amplification of total ceacamla 
mRNA. The results are expressed as numbers of cDNA copies 
of ceacam1a per million cDNA copies of actb. To determine if 
mRNA expression data parallel known CEACAM 1a protein 
expression data, RNAs isolated from livers, brains, and spinal 
cords of 4-week-old C57BL/6 mice were subjected to qRT- 
PCR analysis for total ceacamla mRNA, using the primer set 


listed in Table 1. Consistent with published data showing that 
the liver expresses more CEACAM 1a protein than the brain 
(17, 59), ceacamla mRNA levels in the liver were approxi- 
mately 10- to 100-fold higher than those in both the brain and 
spinal cord in WT mice (Fig. 2A). To ensure the specificity of 
these primers, qRT-PCR analysis was performed on tissue 
RNA from ceacamla~‘~ (KO) mice. As expected, no product 
was amplified from ceacamla~'~ RNA (Fig. 2A), confirming 
the specificity of the assay. 

To evaluate which CNS cell types express ceacamla, en- 
riched primary cell cultures were generated from WT mice as 
described in Materials and Methods. RNAs isolated from 
these cell cultures were then subjected to qRT-PCR analysis of 
total ceacamIa expression. Primary hepatocytes and microglia, 
two cell types known to express CEACAM 1a protein (17, 44), 
were used as positive controls. As expected, both hepatocytes 
and microglia were positive for ceacamla expression, with 
hepatocytes expressing approximately 10-fold higher levels 
than microglia (Fig. 2B). Interestingly, ceacamla expression 
was readily detected in both astrocyte and oligodendrocyte 
cultures, albeit at lower levels than in microglia (Fig. 2B). 
While ceacamla expression was also detected in cortical and 
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FIG. 2. ceacamla mRNA expression in murine tissues, primary cells, and cell lines. RNAs isolated from 4-week-old C57BL/6 mouse tissues (A), 
primary cell cultures (B), cell lines (C), 2- to 14-week-old C57BL/6 mouse tissues (D), and C57BL/6 mouse brains (E and F) from mice inoculated 
ic. with 50 PFU of rA59 or rJHM.SD were analyzed by qRT-PCR for expression of total ceacamla mRNA (A to E) or mRNA7 (F). Results are 
expressed as numbers of cDNA copies of ceacamla per million cDNA copies of actb (A to D) or as fold changes compared to mock-infected 
controls (E and F). Error bars represent standard errors of the means (n = 3). Data are representative of two or more independent experiments. 
LIV, liver; BR, brain; SC, spinal cord; WT, wild type; KO, ceacamla~'; HEP, hepatocyte; MIC, microglia; AST, astrocyte; OLI, oligodendrocyte; 


CN, cortical neuron; HN, hippocampal neuron. 


hippocampal neuron cultures, these expression levels were ex- 
tremely low (Fig. 2B). Importantly, since primary cell cultures 
are enriched but not entirely pure, immunofluorescence label- 
ing was performed as described in Materials and Methods to 
identify contaminating cell types in the individual cultures. 
Microglia cultures were routinely =98% pure, with rare astro- 
cyte and oligodendrocyte contamination (data not shown). As- 
trocyte cultures were routinely 90 to 95% pure, with contam- 
inating microglia and rare oligodendrocytes (data not shown). 
Oligodendrocyte cultures were routinely 90 to 95% pure, with 
contaminating astrocytes and rare microglia (data not shown). 
Neuron cultures were routinely 95 to 98% pure, with contam- 
inating astrocytes, oligodendrocytes, and rare microglia (data 
not shown). It is important to consider these low levels of 
contaminating cells in interpreting the qRT-PCR results ob- 
tained for primary cell cultures. 

Murine DBT, 17Cl1, and L2 cell lines are routinely used for 
propagation and/or titration of MHV. DBT cells are derived 
from astrocytoma tissues in CDF1 mice (22), whereas 17Cl1 
and L2 fibroblasts are derived from the BALB/c 3T3 cell line 
and the C3H/An L929 cell line, respectively (52). Given the 
different mouse strains of origin as well as ongoing propagation 
in tissue culture, it was important to characterize the levels of 
ceacamla expression in these cell lines. To this end, RNAs 
isolated from DBT, 17Cl1, and L2 cells were subjected to 
qRT-PCR analysis of total ceacamla expression. As expected, 
ceacamla mRNA was readily detected in all three cell lines 
(Fig. 2C), consistent with their permissiveness to MHV infec- 
tion in vitro. Furthermore, all cell lines examined showed sim- 
ilar levels of ceacamJa expression (Fig. 2C). 

WT mice exhibit age-dependent differences in susceptibility 


to CNS infection with some neurotropic strains of MHV, in- 
cluding rA59. Since ceacamla expression is developmentally 
regulated in mouse embryos (20), it was of interest to deter- 
mine if ceacamla MRNA levels in the CNS changed with age 
in postnatal mice. To this end, RNAs were isolated from liver 
and brain tissues of WT mice aged 2 to 14 weeks. This age 
range encompasses the different subsets of weanling and adult 
mice typically used for MHV studies. Interestingly, ceacamla 
expression levels were relatively stable in both the liver and 
brain at all ages observed (Fig. 2D), suggesting that age-related 
differences in MHV susceptibility are not due to CEACAM1a 
expression. 

Previous flow cytometric studies demonstrated that CEACAM1a 
expression is downregulated on microglia during acute in- 
fection of BALB/c mice with the J.2.2v-1 variant of 
JHM.SD; this downregulation, largely mediated by CD4 T 
cells, is restored following viral control (44). To determine if 
MHV infection affected ceacamla expression in the whole 
brain (including brain-resident cells not easily observed by 
flow cytometry), C57BL/6 mice were inoculated 1.c. with 50 
PFU of rA59 or rJHM.SD, and RNAs were isolated on days 1 
to 5 postinfection. This period was chosen to precede the CD4 
T-cell peak in the brain (23) in order to examine whether acute 
infection and/or early host responses also affected ceacamla 
expression. Within this period of acute infection, ceacamla 
expression levels were unchanged compared to those in mock- 
infected brains (Fig. 2E). Importantly, these ceacamJa expres- 
sion levels remained constant despite robust levels of virus 
replication, as demonstrated by qRT-PCR analysis of nucleo- 
capsid mRNA (mRNA7) (Fig. 2F). Therefore, early host re- 
sponses do not affect ceacamJa expression. 
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FIG. 3. ceacam1a splice variant expression in murine tissues, primary cells, and cell lines. (A) Schematic representing ceacam/a splice variants. 
(B to G) RNAs isolated from 4-week-old C57BL/6 mouse tissues (B and BE), primary cell cultures (C and F), and cell lines (D and G) were analyzed 
by qRT-PCR for ceacam1/a expression of 2 versus 4 Ig-like domains (B to D) or short versus long cytoplasmic tails (E to G). Results are expressed 
as numbers of cDNA copies of ceacamla per million cDNA copies of actb. Error bars represent standard errors of the means (n = 3). *, P = 0.05; 
«x, P < 0.005 (determined by paired ¢ tests). Data are representative of two independent experiments. 2D, two extracellular Ig-like domains; 4D, 
four extracellular Ig-like domains; S, short cytoplasmic tail due to exclusion of exon 7; L, long cytoplasmic tail due to inclusion of exon 7. 


ceacamla splice variant mRNAs are differentially expressed 
in murine tissues and primary cells. The CEACAM1a pro- 
teins containing two Ig-like domains (2D) have been suggested 
to be less efficient receptors than those expressing all four 
domains (4D) (3), which has the potential to affect MHV 
tropism; for example, if neurons were to express predomi- 
nantly 2D isoforms, one might hypothesize that neurotropic 
strains are better able to use 2D isoforms than are nonneuro- 
tropic strains. In addition, the CEACAM1a isoforms with short 
cytoplasmic tails (S) lack some of the signaling functions of the 
long-tailed (L) isoforms (18, 25), which could affect infection 
outcomes. To more fully characterize the expression patterns 
of ceacamla in CNS tissues and cell types, primer sets were 
designed to detect 2D versus 4D ceacam1a splice variants and 
short versus long cytoplasmic tails (S versus L). Primer sets are 
listed in Table 1, and a schematic depicting primer amplifica- 
tion sites is shown in Fig. 3A. While traditional RT-PCR can 
be used to distinguish all four splice variants based on product 
size alone, such assays are complicated by differences in am- 
plification efficiency for shorter versus longer splice variants. 
While the qRT-PCR assay described here does not allow for 
distinction of each individual splice variant (2S, 2L, 4S, and 
4L), it does allow for more careful quantification of 2D versus 
4D species and S versus L species. As shown in Fig. 3A, 2D 
primers amplify a region at the splice junction between D1 and 
D4, whereas 4D primers amplify a region at the junction of D3 
and D4. Similarly, S primers amplify the region where exon 7 
has been removed by splicing, whereas L primers encompass a 


portion of exon 7 (Fig. 3A). Plasmids carrying ceacamla-2S 
(BgpC) and ceacamla-4L (BgpD) were used to construct stan- 
dard curves for copy number determination by qRT-PCR. 
Using these primer sets, the tissue and cellular RNAs de- 
scribed for Fig. 2 were analyzed by qRT-PCR to compare 
splice variant expression. As shown in Fig. 3B, 4D variants 
were expressed at significantly higher levels than those of 2D 
variants in the liver, whereas 2D variants were expressed more 
highly in the brain (2D variants also predominated in the spinal 
cord, but the difference was not statistically significant). Inter- 
estingly, while primary hepatocytes mimicked the expression 
(4D > 2D) observed in the liver, most primary CNS cell types 
also expressed 4D variants at higher levels than those of the 2D 
variants (Fig. 3C). This difference in brain expression versus 
primary cells may reflect the contribution of an additional cell 
type in vivo, such as endothelial cells, that was not analyzed in 
the primary cell panel. A notable exception in the primary cell 
panel was the oligodendrocyte cultures, which expressed 
slightly more 2D than 4D species, though the difference was 
not statistically significant (Fig. 3C). The absence of the 4D > 
2D pattern seen in other primary cell types suggests that oligo- 
dendrocytes themselves express ceacamla and that the total 
ceacam1a expression level shown in Fig. 2B is not due entirely 
to contaminating microglia or astrocytes. Cell line expression 
of ceacamla isoforms also differed slightly, with DBT cells 
expressing relatively equal levels of 2D and 4D variants, while 
17Cl1 fibroblasts expressed higher levels of 4D species than 2D 
species; L2 fibroblasts also expressed predominantly 2D spe- 
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cies, but the difference was not statistically significant (Fig. 
3D). The pattern of 2D versus 4D splice variants did not 
suggest any significance for MHV tropism. 

Since the length of the cytoplasmic tail may affect infection 
outcome, tissue and cellular RNAs were analyzed for expres- 
sion of ceacamla mRNA species encoding S versus L cytoplas- 
mic tails. Interestingly, the liver exhibited relatively even ex- 
pression of S and L variants, while L variants predominated 
over S variants in the brain (L variants also predominated in 
the spinal cord, but the difference was not statistically signifi- 
cant) (Fig. 3E). In terms of S versus L tails, the primary cells 
analyzed mimicked the expression seen in the tissues from 
which they were derived (Fig. 3F). Expression in all three cell 
lines showed a similar pattern as well, with L species predom- 
inating slightly over S species in DBT cells and L2 fibroblasts 
(L species appeared more highly expressed in 17Cl1 fibroblasts 
as well, but the difference was not statistically significant) (Fig. 
3G). Again, we did not detect any expression pattern which 
would explain differences in MHV tropism. 

rJHM.SD spreads in wild-type neuron cultures despite low 
levels of infectious virus. To determine whether the low levels 
of ceacamla message detected in enriched primary neuron 
cultures were significant for MHV infection, we infected neu- 
rons from wild-type and ceacamla~‘— mice with rA59 and 
tJHM.SD and assayed for virus entry and spread. Hippocam- 
pal neuron cultures were generated from embryonic C57BL/6 
mice and inoculated with 1 PFU/cell of filtered rA59, 
tJHM.SD, or chimeric recombinant A59 virus expressing the 
JHM.SD spike (tA59/Syrny sp); Virus stocks were filtered prior 
to neuronal inoculations to remove residual cell debris. Re- 
combinant versions of these viruses expressing EGFP were 
used in parallel to monitor infection over time and revealed 
widespread infection with all virus strains by 72 h postinfection 
(data not shown). Therefore, cells were fixed at 72 h postin- 
fection and immunolabeled for MAP2 and the MHV nucleo- 
capsid protein as described in Materials and Methods. As 
expected, all three viruses were able to infect and spread in 
wild-type cultured neurons, as evidenced by colocalization of 
MAP2 and MHV antigen (Fig. 4A); however, foci of 
tJHM.SD- and rA59/Syyy) sp-infected neurons were typically 
larger than rA59-infected foci, consistent with previous results 
(42). To investigate whether spread in neuron cultures was 
occurring between adjacent cells or via virus release, cell ly- 
sates and culture supernatants were collected at 24, 48, and 
72 h postinfection, and infectious virus was titrated by standard 
plaque assay on L2 cell monolayers. Interestingly, while rA59 
replicated to relatively high titers within cells, rJHM.SD and 
TA59/Syjumsp titers in cell lysates were approximately 10- to 
100-fold lower than rA59 titers at all three time points (Fig. 
4B). Virus release from infected neuron cultures paralleled the 
intracellular differences, with extracellular rA59 titers exceed- 
ing rJHM.SD titers by up to 1,000-fold by 72 h postinfection 
(Fig. 4C). Thus, both rJHM.SD and rA59/Syiiny sph Spread well 
in wild-type neurons, despite relatively low levels of virus rep- 
lication and release, suggesting that spread between adjacent 
cells is likely to be the major route of rJHM.SD dissemination 
in neurons. 

rJHM.SD spreads extensively in ceacamla~'~ neurons. To 
determine if MHV entry and spread in neurons are dependent 
on the CEACAM 1a receptor, hippocampal neurons were gen- 
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erated from embryonic ceacamla~‘~ mice and inoculated with 
1 PFU/cell of filtered rA59, rJHM.SD, or chimeric rA59/ 
Sjum.sp: Recombinant versions of these viruses expressing 
EGFP were again used in parallel to monitor the spread of 
infection (data not shown). Cells were fixed at 72 h postinfec- 
tion and immunolabeled for MAP2 and MHV nucleocapsid 
protein as described for Fig. 4. Surprisingly, all three viruses 
were able to infect ceacamla’‘~ neurons, as evidenced by 
colocalization of MAP2 and MHV antigen (Fig. 5). However, 
foci of infection were much more rare (typically 1 to 3 infected 
foci per coverslip) for all virus strains in ceacamla~‘~ neuron 
cultures than the numerous coalescing foci of infection ob- 
served in wild-type neuron cultures (data not shown). Thus, 
virus infection of neuron cultures was much less efficient in the 
absence of CEACAM 1a. Strikingly, though all viruses were 
able to enter individual cells in the ceacamla~‘~ neuron cul- 
tures, only rJHM.SD and rA59/Syiani sph Spread efficiently to 
adjacent cells (Fig. 5). By 72 h postinfection, rA59 remained 
localized to one or two ceacamla~‘~ neurons, while viruses 
expressing the JHM.SD spike spread similarly in ceacamla /~ 
and wild-type cultures (Fig. 4A and 5). Similar differences in 
spread were observed in blocking experiments in which wild- 
type neurons were infected with rA59 or rJHM.SD and then 
treated with CEACAM1a-blocking antibody to evaluate neu- 
ronal spread in the absence of CEACAM 1a (data not shown). 
Thus, while MHV entry into neural cells appears largely de- 
pendent on ceacam1/a expression, only rA59 appears to require 
ceacamla expression for efficient spread among adjacent neu- 
rons. This finding is consistent with previous studies showing 
that ceacamla~‘~ mice are susceptible to infection with viruses 
expressing the JHM.SD spike but resistant to rA59 (33). Taken 
together, these results imply that the low levels of ceacamla 
detected in enriched primary neuron cultures are significant 
for infection by A59 but not for infection by JHM.SD. 
ceacam2 mRNA is expressed at low levels in the murine liver 
and CNS. To determine if an alternative CEACAM1a-related 
receptor might be positioned to mediate viral infection/spread 
in ceacamla ‘~ mice and neuron cultures, primers were de- 
signed to amplify the N-terminal Ig-like or equivalent domain 
of ceacam2 and psgl6 (bCEA), two ceacamla-related genes 
that encode proteins that serve inefficiently as MHV receptors 
when overexpressed in vitro (5, 38). Primer sequences are 
shown in Table 1. Using the tissue and cellular RNAs de- 
scribed for Fig. 2, qRT-PCR was performed to detect expres- 
sion of ceacam2, the most closely related gene to ceacam/a in 
the mouse. Results are expressed as numbers of cDNA copies 
of ceacam2 per million cDNA copies of actb. As shown in Fig. 
6A, ceacam2 mRNA was expressed at similarly low levels in 
both liver and CNS tissues of WT mice. Notably, CNS expres- 
sion of ceacam2 was relatively unchanged in the absence of 
ceacamla (KO), while liver expression was slightly increased 
compared to that in WT mice (Fig. 6A); however, only one set 
of KO tissues (n = 3) was available for qRT-PCR analysis. 
Interestingly, despite detectable levels of ceacam2 mRNA in 
both liver and CNS tissues, low to no expression of ceacam2 
was observed in the primary cell types studied, with only mi- 
croglia and oligodendrocyte cultures showing consistent low- 
level expression (Fig. 6B). Thus, other resident cell types, such 
as endothelial cells, likely contribute to the ceacam2 expression 
observed in the liver and CNS. Interestingly, when cell lines 
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FIG. 4. MHV infection and replication in wild-type neuron cultures. Hippocampal neurons generated from C57BL/6 mice were inoculated with 
1 PFU/cell of rA59, rA59/Syr.4 sp, or rJHM.SD. (A) Cells were fixed at 72 h postinfection and dual immunolabeled for MHV nucleocapsid protein 
(green) and MAP2 (red). Magnification, 200. Cell lysates (B) and culture supernatants (C) were collected at 24, 48, and 72 h postinfection, and 
infectious virus was titrated by standard plaque assay on L2 cell monolayers. Error bars represent standard errors of the means (n = 3); the dotted 
line indicates the limit of detection. Data are representative of two or more independent experiments. 


were observed, ceacam2 expression was detectable in L2 and, 
to a lesser extent, DBT cells but not in 17CI1 cells (Fig. 6C). As 
with ceacamla, ceacam2 expression stayed relatively constant 
in mice from 2 to 14 weeks of age (Fig. 6D) and was not 
markedly affected by MHV infection (Fig. 6E). 

PSG16 (bCEA) mRNA is expressed in the murine CNS and 
primary neurons. Using the tissue and cellular RNAs de- 
scribed for Fig. 2, GRT-PCR was performed to detect expres- 
sion of psgl6 (bCEA), a gene more distantly related to 
ceacamla and described solely for the murine CNS (5). The 
results are expressed as numbers of cDNA copies of psg/6 per 
million cDNA copies of actb. Consistent with the previously 
published data (5), psg/6 expression was readily detected in the 
brains and spinal cords of both WT and KO mice, while ex- 
pression was negligible in the liver (Fig. 7A). Interestingly, 
when RNAs from primary cells were examined, psg/6 expres- 


sion was detected exclusively in neurons (Fig. 7B). As expected 
given the data in Fig. 7B, DBT, 17Cl1, and L2 cells were all 
negative for psg16 expression (Fig. 7C). As with ceacamla and 
ceacam2, psgl6 expression remained constant in the murine 
CNS in mice from 2 to 14 weeks of age (Fig. 7D) and was not 
significantly affected by MHV infection (Fig. 7E). The neuro- 
nal localization of psg/6 expression suggested that PSG16 
might substitute for CEACAM1a to facilitate MHV entry or 
spread in neurons. Therefore, the functionality of this receptor 
was investigated. 

CEACAM2 mediates MHV entry in human 293T cells. 
While CEACAM2 and PSG16 are both known to mediate 
inefficient MHV infection when overexpressed in vitro (5, 38), 
their functionality as MHV receptors has not been compared 
directly. Furthermore, PSG16 reportedly serves as a receptor 
for A59 but not JHM.SD (5). To evaluate receptor activity, 
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FIG. 5. MHV infection in ceacamla~‘~ 


human 293T cells were transfected with equal amounts of 
plasmid DNA encoding CEACAM1a, CEACAM2, or PSG16, 
using FUGENE 6 transfection reagent as described in Materi- 
als and Methods. The psg/6 mRNA has been isolated twice, 
from the mouse brain (bCEA) (5) and from a retinal cDNA 
library (51); the C terminus of bCEA is similar to those of 
other murine PSG family members, while the retinal isoform 
has an additional splice site resulting in an altered C terminus. 
Since the bCEA clone is no longer available, the retinal iso- 
form was used. At 36 h posttransfection, cells were inoculated 
with 1 PFU/cell of rA59 or rJHM.SD and fixed at 8 h postin- 
fection for immunofluorescence detection of MHV antigen; 
this time point was selected to allow approximately one round 
of MHV infection. Parallel transfection with a plasmid encod- 
ing GFP was performed to assess transfection efficiency (Fig. 
8C). Quantification of MHV infection is shown in Fig. 8B. As 
expected, CEACAM1a mediated robust infection with both 
rA59 and rJHM.SD, whereas CEACAM2 was much less effi- 
cient at mediating entry (Fig. 8A and B). Importantly, no 
MHV antigen staining was observed in mock-infected cells or 
cells transfected with vector alone (Fig. 8A). Furthermore, 
transfection of larger amounts of receptor cDNA did not in- 
crease infection rates but did, particularly in the case of 
CEACAM1a, cause cells to cluster together (data not shown). 
Interestingly, PSG16 did not mediate infection with either 
tA59 or rJHM.SD in this assay (Fig. 8A), suggesting inefficient 


rA59/SJHm.sp 


by? ee in 


neuron cultures. Hippocampal neurons generated from ceacamla'~ 
PFU/cell of rA59, rA59/Syangsp, Or rJHM.SD. Cells were fixed at 72 h postinfection and dual immunolabeled for MHV nucleocapsid protein 
(green) and MAP2 (red). Magnification, x200. Data are representative of two or more independent experiments. 
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expression levels or a complete lack of cell surface expression 
and/or receptor functionality. 

All known murine PSG proteins, with the possible exception 
of PSG16, are secreted rather than localized to the cell surface; 
in addition, relative to other murine PSG family members, 
both isoforms of PSG16 are missing part of the first V-type Ig 
domain, including the signal sequence, which appears to be 
completely absent in PSG16. Despite previous results (5), it 
seems unlikely that either form of PSG16 reaches the cell 
surface, and the published antibody is unavailable for verifica- 
tion. However, it is possible that PSG16 is available to MHV 
on the surfaces of neurons due to some cell type-specific trans- 
port mechanism. To determine whether PSG16 can act as an 
MHV receptor when targeted specifically to the cell surface, 
we generated chimeric constructs incorporating the extracellu- 
lar Ig-like domains of PSG16 with the signal sequence and 
membrane anchor domains of the avian retrovirus receptor 
TVA, which has been used successfully in the past to create 
chimeric virus receptors (47). Analogous CEACAM1a and 
CEACAM?2 constructs with the TVA signal sequence and 
membrane anchor domain were constructed as positive con- 
trols as well as to normalize expression levels. TVA is ex- 
pressed as transmembrane and _ glycosylphosphatidylinositol 
(GPI)-anchored isoforms; PSG and both CEACAM proteins 
were expressed with both types of membrane anchors, for a 
total of six chimeras. A single FLAG epitope tag was included 
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FIG. 6. ceacam2 mRNA expression in murine tissues, primary cells, and cell lines. RNAs isolated from 4-week-old C57BL/6 mouse tissues (A), 
primary cell cultures (B), cell lines (C), 2- to 14-week-old C57BL/6 mouse tissues (D), and C57BL/6 mouse brains from mice inoculated i.c. with 
50 PFU of rA59 or rJHM.SD (E) were analyzed by qRT-PCR for expression of ceacam2 mRNA. Results are expressed as numbers of cDNA copies 
of ceacam2 per million cDNA copies of actb (A to D) or as fold changes compared to mock-infected controls (E). Error bars represent standard 
errors of the means (n = 3). Data are representative of two or more independent experiments. 


at the extracellular domain-membrane anchor junction of each 
chimera to provide uniform antibody detection. 293T cells 
were transfected with the TVA-CEA chimeras, and at 48 h 
posttransfection, surface expression was measured by flow cy- 
tometry, all as described in Materials and Methods. The trans- 
fected cells were infected with rA59 or rA59/Syiny sp EXpress- 
ing EGFP; since the chimeric receptors were less efficient than 
wild-type CEACAM 1a, 5 PFU/cell was used. Cells were fixed 
at 16 h postinfection to allow full expression of EGFP (8). 


Both transmembrane and GPI-anchored forms of 
CEACAM1a supported MHV entry, albeit less efficiently 
than wild-type CEACAM 1a (Fig. 9), confirming that only 
the Ig-like domains of CEACAM1a are required for recep- 
tor activity. Like the parent proteins, the CEACAM2 chi- 
meras were less efficient than the CEACAM1a analogs; 
however, the surface expression of the CEACAM2 con- 
structs was consistently lower than that of the CEACAM1a 
constructs, which may account in part for the differences in 
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FIG. 7. psgl6 (bCEA) mRNA expression in murine tissues, primary cells, and cell lines. RNAs isolated from 4-week-old C57BL/6 mouse tissues 
(A), primary cell cultures (B), cell lines (C), 2- to 14-week-old C57BL/6 mouse tissues (D), and C57BL/6 mouse brains from mice inoculated 1.c. 
with 50 PFU rA59 or rJHM.SD (E) were analyzed by qRT-PCR for expression of psg/6 mRNA. Results are expressed as numbers of cDNA copies 
of psg16 per million cDNA copies of actb (A to D) or as fold changes compared to mock-infected controls (E). Error bars represent standard errors 
of the means (n = 3). Data are representative of two or more independent experiments. 
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FIG. 8. MHV infection of 293T cells transfected with receptor. Human 293T cells were transfected with expression plasmids encoding 
CEACAM1a, CEACAM2, or PSG16 or with empty vector by use of FuGENE 6 transfection reagent. (A) Cells were infected at 36 h 
posttransfection with approximately 1 PFU/cell of rA59 or rJHM.SD or mock infected, fixed at 8 h postinfection, and immunolabeled for MHV 
nucleocapsid protein. (B) Quantification of infected cells. Error bars represent standard errors of the means (n = 3). (C) GFP transfection control 
showing transfection efficiency. Magnification, 200. Data are representative of two or more independent experiments. 


ALISHSAINN IWOIDOTONHOSL DNVANVN Aq GLOg ‘La AeW uo /fio'wse iAl//:dyy wo pepeojumoq 


receptor activity. The PSG16 constructs failed to support DISCUSSION 

MHV entry or to measurably reach the cell surface, suggest- 

ing that the Ig-like domains either misfold or are specifically Some strains of MHV are strongly neurotropic despite re- 
targeted away from the cell surface in this system. While the | markably low expression levels of CEACAM1a, the canonical 


extracellular Ig-like domains of both CEACAMIa and entry receptor, in the murine CNS; other MHV targets, such as 
CEACAM2 are sufficient for MHV infection, we were not the liver, express much higher levels of CEACAM 1a (17, 59). 
able to assess the MHV receptor activity of the extracellular At the cellular level, astrocytes, oligodendroglias, and espe- 
domains of PSG16. cially neurons are infected during CNS disease (Fig. 1), despite 
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FIG. 9. MHV infection and surface expression of TVA-CEA chimeras. Human 293T cells were transfected with expression plasmids encoding 
CEACAMIa, CEACAM2, and PSG16 extracellular domains with the signal sequence and membrane anchor domains of the avian retrovirus 
receptor TVA. Plasmids encoding wild-type CEACAM1a and empty vector were transfected as controls. TM, TVA transmembrane anchor; GPI, 
TVA glycosylphosphatidylinositol anchor. (A) Cells were infected at 48 h posttransfection with approximately 5 PFU/cell of rA59-EGFP or 
tTA5S9/Syrn4. sp-EGFP and were fixed at 16 h postinfection for EGFP detection. (B) TVA-CEA-transfected cells were immunolabeled with mouse 
M2 anti-FLAG antibody and Alexa 488-conjugated goat anti-mouse IgG and were analyzed by flow cytometry. “Mock” represents untransfected 
293T cells immunolabeled in parallel. (C) Summary of percent positive cells and median fluorescence intensity for TVA-CEA-transfected cells. 
Positive cells were defined as those with a fluorescence intensity of >98% that of the mock-transfected cells. Median fluorescence intensity was 


calculated for the positive population. 


the fact that the only CNS cells previously shown to express 
CEACAM 1a are endothelial cells and microglia (17, 44). One 
possible explanation is that other cell types do express 
CEACAM 1a, but at low levels that are not detectable by rou- 


tine assays and/or sublocalized (at the neuronal synapse, for 
example) in such a way that the protein is inaccessible to 
antibodies. To address these possibilities, we used qRT-PCR 
to assess the expression of ceacamla MRNA. Overall, our 
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results support the idea that ceacamla expression alone does 
not determine MHV cell tropism. 

Interpretation of the qRT-PCR results is complicated by 
several factors. Since we were unable to demonstrate protein 
expression in the cell cultures studied, it is not at all certain 
that ceacamla MRNA expression correlates with CEACAM1a 
protein expression; however, our results for ceacamla mRNA 
expression in whole-tissue lysates (Fig. 2A) were consistent 
with published protein data for the liver and brain (17, 59), and 
ceacamla mRNA expression was highest in the hepatocyte and 
microglia cell cultures (Fig. 2B), which are known to express 
CEACAM 1a (17, 44), suggesting that the qRT-PCR assay is 
valid. The low levels of ceacamla expression detected in as- 
trocyte and neuron cultures (Fig. 2B) must be considered with 
reference to the possibility of microglia contamination. For 
example, astrocyte cultures were 90 to 95% pure, with micro- 
glia being the primary contaminant, but ceacam/a expression 
was 10-fold lower in astrocytes than in microglia, making it 
difficult to distinguish low-level ceacamJa expression in astro- 
cytes from higher-level expression by contaminating microglia. 
Expression of ceacam/a in neuron cultures was similarly com- 
patible with low-level microglia contamination, although the 
striking difference in neuronal spread observed in WT and 
ceacamla~‘~ cultures infected with rA59 (Fig. 5) suggests that 
WT neurons do express at least some CEACAM1a. The 
ceacamla expression detected in oligodendrocyte cultures was 
much less likely to be affected by contamination: the primary 
contaminant in those cultures was astrocytes, which express 
lower levels of ceacamJa than those detected in the oligoden- 
drocyte cultures, and the inverted ratio of 2D to 4D splice 
variants (Fig. 3C) was unique to the oligodendrocyte cultures. 
To reduce the complication of contaminating cells and to in- 
vestigate ceacamla expression in cells directly ex vivo, future 
studies aim to purify glia from the adult CNS and to isolate 
RNAs from these purified cell populations as described by 
Malone et al. (29). 

Neurotropic strains of MHV may have evolved a novel 
mechanism to spread to and between specialized CNS cell 
types, particularly neurons. Using mixed neural cultures, Na- 
kagaki and Taguchi (34) demonstrated that the highly neuro- 
virulent JHM.SD cl-2 isolate spreads to nonmicroglial cells in 
the presence of CEACAM1a antibody blockade; in contrast, a 
soluble receptor-resistant mutant of cl-2, srr7, remains re- 
stricted to microglia when CEACAM 1a is blocked. From these 
experiments, it was proposed that initial CNS infection with 
MHV occurs via entry into CEACAM1a-expressing microglia 
and that spread to additional CNS cell types requires the ca- 
pacity for CEACAM1a-independent spread. While microglia 
may indeed represent an early site of MHV replication in the 
CNS, this model is insufficient to explain the diverse cellular 
tropism of rA59 (Fig. 1), particularly since rA59 requires 
CEACAM1a for spread among adjacent cells in vitro (56). 
Furthermore, while in vitro studies indicate that both rA59 and 
tJHM.SD require CEACAM 1a for initial entry (15, 55), this 
does not seem to be the case in vivo, as rJHM.SD can both 
infect and spread in the CNS of ceacamla~'~ mice (33). These 
results suggest that more than one mechanism may be involved 
during infection of ceacamla~/~ animals, with (i) initial entry 
in the absence of CEACAM1a and (ii) spread among adjacent 
cells in the absence of CEACAM 1a. 


J. VIROL. 


Since MHV entry and spread are difficult to distinguish in 
the whole brain, we examined MHV entry and spread in an in 
vitro system, using primary neurons, the predominant CNS cell 
type infected (Fig. 1) (12, 42), in order to separate entry and 
spread. The ability of all three viruses to enter occasional 
CEACAM1a KO cells (Fig. 5) was initially surprising, given 
previous reports that CEACAM1a antibody blockade prevents 
MHV infection in mixed neural cultures (34). However, given 
the low incidence of infection seen in ceacamla~‘~ neurons, it 
is possible that the phenomenon was not appreciated in these 
blocking experiments or was attributed to incomplete antibody 
blockade. Our results suggest that MHV may use a low-effi- 
ciency alternative receptor to enter neurons, so we examined 
the two proposed alternative receptors, CEACAM2 (38) and 
PSG16 (5), for CNS expression and receptor activity. 
CEACAM2 does have at least some receptor activity (Fig. 8 
and 9). While we would expect CEACAM2 to be a less efficient 
MHV receptor than CEACAM1a, since the critical MHV 
spike-binding motif at amino acids 38 to 43 (45) of CEACAM2 
is much more similar to the MHV-resistant CEACAM 1b allele 
than to CEACAM 1a, the TVA-CEACAM2 chimeras created 
to analyze surface expression were in fact expressed at lower 
levels than the TVA-CEACAM1 chimeras (Fig. 9B). There- 
fore, we cannot exclude the possibility that differences in re- 
ceptor density and surface distribution also contributed to the 
lower level of receptor activity observed for CEACAM2. How- 
ever, the ceacam2 message was barely detectable in neurons 
(Fig. 5B) and thus is not likely to play a role in neuronal 
infection. And while psg/6 (bCEA) was expressed well and 
strikingly specifically in neurons—to our knowledge, this is the 
first report of a pregnancy-specific glycoprotein family member 
expressed in cultured neurons—the product failed to support 
MHV infection (Fig. 8 and 9) or even to reach the cell surface, 
despite our attempts to target it there with exogenous signal 
peptide and membrane anchor sequences (Fig. 9). The psg/6 
locus does contain an alternative upstream exon 1, encoding a 
signal sequence and a complete N1 domain homologous to the 
N domain of CEACAM1a (32). This alternative isoform is 
predicted to be expressed in the placenta, and if it is expressed 
in neurons as well, it might have better MHV receptor activity 
than the published isoform we examined. It is also possible that 
either PSG16 isoform has neuron-specific receptor activity, for 
example, if cell surface targeting requires expression in con- 
junction with another protein or membrane entity that is 
present in mouse neurons but lacking in 293T cells. In addi- 
tion, the placental members of the PSG family give low yields 
in expression systems (Gabriela Dveksler, personal communi- 
cation), despite demonstrated biological activity (19, 58), so 
surface levels of PSG16 not detectable by our assay might be 
sufficient to support MH V infection in neurons. Future exper- 
iments are planned to investigate the subcellular localization 
and MHV receptor activity of the novel PSG16 isoform. At this 
time, however, neither CEACAM2 nor PSG16 seems to ac- 
count for MHV entry into ceacamla~/~ neurons. 

The ability of MHV strains bearing the rJHM.SD spike to 
spread among ceacamla ‘~ neurons, while consistent with 
previous data showing that rJHM.SD but not rA59 successfully 
infects the CNS of ceacamla~'~ mice (33), is puzzling. Wide- 
spread infection of neuronal cultures with viruses expressing 
the rJHM.SD spike appears to occur in the absence of high 
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levels of infectious virus released, just as previously described 
for the brain (23, 41). While it should be noted that the 
JHM.SD spike is inherently less stable than that of A59 and 
may be inactivated more rapidly following release from an 
infected cell (14, 24, 53), resulting in an underestimation of the 
amount of infectious virus produced, this is less likely to be the 
case for cell-associated virus, for which rJHM.SD titers were 
also lower than those for rA59 (Fig. 4B). These data suggest 
that rJHM does in fact spread more efficiently than rA59, even 
among WT neurons, in which absolute differences in spread 
are less dramatic (42). One hypothesis is that the rJHM.SD 
spike is able to use an alternative receptor not available to 
rA59, but this would require that the receptor in question be 
localized to regions of close cell membrane juxtaposition, since 
only spread, not entry, is affected. It is tempting to speculate 
that spread between ceacamla~‘~ neurons is related to the 
JHM.SD-specific phenomenon of RIS, in which cells infected 
with JHM.SD (15) or expressing the JHM.SD spike (54) fuse 
with neighboring cells even in the absence of CEACAM1a, 
allowing viral spread. However, the Iowa strain of JHM 
(JHM.IA), while not capable of RIS (39), is still highly neuro- 
virulent (28). In addition, it is not clear that spread among 
adjacent neurons actually involves cell membrane fusion. Fu- 
ture experiments are planned to determine whether receptor- 
independent spread is in fact responsible for spread among 
ceacamla~'~ neurons. Finally, JHM.SD may have evolved a 
novel mechanism for axonal trafficking or targeting to the 
neuronal synapse that enables trans-synaptic spread; while we 
currently have no data to support that hypothesis, such mech- 
anisms have been described for other neurotropic viruses. 
Whatever the mechanism, it seems likely that the ability of 
JHM.SD to spread in ceacamla~/~ neurons is responsible for 
the extreme neurovirulence of this strain. 

In summary, the less neurovirulent A59 strain of MHV ap- 
pears to be dependent on the low levels of neuronal 
CEACAM 1a detected in susceptible CNS cells for neuronal 
spread and CNS disease, while the more virulent JHM.SD 
strain is able to spread and cause disease even in the absence 
of CEACAM Ia. At this time, it is still uncertain how MHV 
initially enters or spreads among WT neurons, and we cannot 
exclude the possibility that a receptor-independent mechanism 
allows spread from nonneuronal cells to neurons in these cul- 
tures. For ceacamla~‘~ mouse infection, we propose a model 
in which both rA59 and rJHM.SD can enter occasional CNS 
cells lacking ceacamJa expression; this initial entry may occur 
via CEACAM2 on endothelial cells, microglia, and/or oligo- 
dendrocytes, via an alternative form of PSG16 that has not yet 
been described or via another, as yet unidentified alternative 
receptor that can facilitate virus entry, albeit inefficiently. Once 
initial entry has occurred, a CEACAM1a-independent mech- 
anism allows viruses expressing the JHM.SD spike to spread to 
adjacent cells and lead to fatal neurological disease, while rA59 
remains restricted to individual cells and does not produce 
detectable CNS infection. This CEACAM1a-independent 
spread may involve a low-efficiency alternative receptor that 
mediates spread by rJHM.SD but not by rA59, canonical re- 
ceptor-independent spread, or a novel mechanism of trans- 
synaptic spread. Future studies using the ceacamla~/~ mouse 
and primary cell models combined with a variety of neuro- 
tropic MHV strains differing in tropism and CEACAM 1a de- 
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pendence aim to address the mechanism of CEACAM1a-in- 
dependent spread in neural cells and the contribution of this 
process to neurovirulence. 
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